Introduction
It is widely accepted that gene duplication has played an important role in the evolution of higher organisms, and, in particular, this process could be the first step in the evolution of complexity. After duplication, the pair of genes can have different fates, depending on the balance of the different evolutionary forces: (1) they can remain very similar and have the same function, which may become dose-dependent; (2) they may diverge from each other and one of them may acquire a new function; or (3) one copy may lose its function and become a pseudogene. In the second case, evolution of the regulatory elements is also important, since the functional differentiation in one of the duplicated genes is often correlated with changes in the expression pattern (Ohta 1994) . The role of genetic drift and natural selection in the evolution of duplicated genes is controversial. Ohno (1970) , Kimura (1983) and Li (1985) suggested that new functions come as a consequence of fixation of neutral mutations in the absence of selective pressure due to gene redundancy. In contrast, Goodman (1976) hypothesized that after a gene duplication, there is a period of fast evolution where natural selection would fix, in one of the copies, those changes that result in a new function. Ohta (1987 Ohta ( , 1988 proposed that the evolution of one of the copies would reflect both genetic drift and natural selection; in this model, more than half of the divergence between the duplicated genes would be due to neutral substitutions, and the rest would be due to positively selected substitutions.
Comparison of synonymous and nonsynonymous divergence between duplicated genes can provide information on the relative role of natural selection and genetic drift in the differentiation of the copies. Also, comparison of the patterns of intra-and interspecific varia-tion for each copy of the duplicated region can contribute to the understanding of the forces involved in their evolution. This approach was used to study the evolution of jingwei, (jgw) (Long and Langley 1993) , a chimeric gene present in Drosophila yakuba and Drosophila teissieri but absent in the other species of the melanogaster group. The 3Ј part of the jgw gene corresponds to a processed copy of the Adh gene. Long and Langley (1993) inferred that positive selection had played an important role in the evolution of the Adhderived part of the jgw protein.
In Drosophila melanogaster, the sex-peptide (SP or Acp70A) is mainly responsible for the behavioral and physiological changes of the mated females (Chen et al. 1988; Aigaki et al. 1991) . In this species, the Acp70A gene is a single-copy gene (Styger 1992) , but in D. subobscura, a species of the obscura group of Drosophila, the gene and its 5Ј (356 bp) and 3Ј (83 bp) flanking regulatory regions are duplicated and both copies of the gene are transcribed in adult males (Cirera and Aguadé 1998) . Even though the patterns of accessory gland proteins of several Drosophila species seemed to be highly species-specific (Chen 1976 ), the Acp70A protein shows a very highly conserved C-terminal part even between species of the melanogaster and obscura groups (Cirera and Aguadé 1998) , which diverged at least 30 MYA (Throckmorton 1975) . They could, therefore, have redundant activities, or one of them could have evolved a new function but also with sex-limited expression. However, the N-terminal part of the peptide has accumulated many replacement changes between the copies. Different parts of the Acp70A proteins of D. subobscura seem to be under different selective constraints: purifying selection would prevent amino acid replacements in the C-terminal part, while either positive selection or relaxed selective constraints would have favored the differentiation of the N-terminal part (Cirera and Aguadé 1998) .
In order to study the relative role of natural selection and genetic drift in the evolution of the Acp70A gene duplication, we sequenced a 2.1-kb fragment that encompasses both copies of the duplicated regions, as well as their 5Ј and 3Ј flanking regions, of 10 lines of D. subosbcura and of 1 line of D. madeirensis, a close relative of D. subobscura. In this 5Ј flanking region there is a fragment that presents a high level of similarity with the corresponding region of D. melanogaster and which could be involved in the regulation of the Acp70A gene (Cirera and Aguadé 1998) .
Unlike for other species, as D. melanogaster and D. pseudoobscura, for which several nuclear regions have been surveyed for nucleotide sequence variation in natural populations, for D. subobscura, only the rp49 region has been studied at the population level Aguadé 1993, 1994) . In contrast to the rp49 region, which maps very close to an inversion breakpoint, the Acp70A region is located more than one chromosomal section from the breakpoint of a naturally occurring inversion. Therefore, this study will also provide information on the level and pattern of nucleotide variation for a second region in D. subobscura, the Acp70A region, which is not associated with inversions.
Materials and Methods

Fly Stocks
Nine isofemale lines of D. subobscura (PB6, PB10, PB30, PB33, PB42, PB44, PB46, PB58, and PB60) were established from a sample collected in Barcelona in April 1992. No isochromosomal lines could be extracted for the J chromosome, where the Acp70A region is located, due to the lack of balancer stocks for this chromosome. The previously sequenced line of D. subobscura from Raíces, Canary Islands (Cirera and Aguadé 1998) , and one line of D. madeirensis were also included in the present study.
DNA Preparation and Sequencing
Genomic DNA from the nine isofemale lines of D. subobscura and from one line of D. madeirensis was purified using a modification of the method of Bender, Spierer, and Hogness (1983) as described in Kreitman and Aguadé (1986) . In order to avoid possible heterozygosity of the studied region, directed genomic libraries were constructed for all the lines using Dash II (Stratagene) as a vector. The genomic DNA from each line was digested with different hexanucleotide-recognizing restriction enzymes, Southern blotted, and hybridized with a 0.2-kb PCR-amplified fragment that includes the coding region of the first copy of the Acp70A gene of D. subobscura. Digestion with XhoI or with HindIII (for all the D. subobscura lines and for the D. madeirensis line, respectively) gave a single hybridization signal for a fragment in the adequate size range (9-23 kb) for cloning in the chosen vector; as this fragment would contain both copies of the Acp70A gene, digestion with these enzymes was used for constructing the libraries. The phage DNA was double-digested with SalI and HindIII or single-digested with HindIII, and used to make the D. subobscura (as SalI sites are compatible with XhoI sites) and the D. madeirensis libraries, respectively. In both cases, HindIII would cut the stuffer and therefore prevent self-ligation of the phage DNA. Genomic DNA was ligated to phage DNA using a 3:1 weight ratio. Packaging reactions were performed according to the manufacturer's protocol (Gigapack II, Stratagene) . Approximately 15,000 recombinant phages were screened for each library using the same probe as for the genomic Southern blots. One positive phage was isolated from each library, and after Southern-blot analysis, the smallest fragment or fragments including the two copies of the Acp70A gene were subcloned in pBluescript KS ϩ or SK ϩ (Stratagene). Synthetic oligonucleotides, approximately 250 bp apart, were used for sequencing, which was performed by the dideoxy chain termination method (Sanger, Nicklen, and Coulson 1977) using double-stranded DNA and Sequenase 2.0 (US Biochemicals); both strands were completely sequenced. Sequences were assembled and multiply aligned using the Staden (1982) and CLUSTAL V (Higgins, Bleasby, and Fuchs 1992) computer programs, respectively. The nucleotide sequence data newly reported in this paper have been deposited in the EMBL nucleotide sequence database library with the accession numbers AJ225032-AJ225041.
Sequence Analysis
The sequences were edited with the MacClade program, version 3.0 (Maddison and Maddison 1992) . Most analyses of intra-and interspecific variation were performed with the DnaSP, version 2.08, program (Rozas and Rozas 1997) . The level of polymorphism in D. subobscura (10 lines) was estimated as nucleotide diversity, or (Nei 1987) . Linkage disequilibrium was estimated as the squared correlation coefficient, R 2 (Hill and Robertson 1968) , using only parsimony-informative sites. The recombination parameter C ϭ 4Nc (where N is the effective population size and c is the recombination rate) was estimated by the method of Hudson (1987) , which assumes mutation-drift equilibrium. The minimum number of recombination events in the sample was estimated with the four-gamete test (Hudson and Kaplan 1985) .
In coding regions, divergence between species and that between duplicated regions were estimated separately for synonymous and nonsynonymous sites (Nei and Gojobori 1986) . In all cases, the genetic distances were corrected for multiple hits according to Jukes and Cantor (1969) . Divergence estimates between copies and between species were used to date the Acp70A gene duplication. The phylogenetic tree of the duplicated region was built by the neighbor-joining method (Saitou and Nei 1987 ) using the MEGA (Kumar, Tamura, and Nei 1994) program.
Statistical Tests
Possible departures from selective neutrality were contrasted with the following tests: the Tajima (1989) test and the Fu and Li (1993) test, based only on intraspecific variation data, which contrast the frequency and the distribution of variants, respectively; the Hudson, Kreitman, and Aguadé (1987) runs test (McDonald 1996) , based on intra-and interspecific variation data. The HKA test compares levels of polymorphism and divergence between two loci. The MK test is a 2 ϫ 2 test of independence that contrasts the level of nonsynonymous divergence and polymorphism with the level of synonymous divergence and polymorphism; the G-test, with Williams' correction, was used for this purpose. The runs test (McDonald 1996) is a test for detecting heterogeneity in the polymorphism-to-divergence ratio across a region of DNA. It compares the observed number of runs in a sample of sequences with that expected under neutral evolution using Monte Carlo simulations; in this test, a ''run'' is a set of one or more sites of one type (polymorphic or diverged) preceded and followed by the other type. Fivehundred Monte Carlo simulations were performed for different values of the recombination parameter (4Nc). When the corresponding probabilities were close to or less than 0.10, a set of 10,000 simulations was run to obtain a more accurate estimate of the associated probability, as suggested by the author. subobscura. Seventy-two nucleotide and 14 length polymorphisms were detected. Some polymorphisms can be considered ''complex mutational events'' in that both insertion/deletion events and nucleotide changes occurred: polymorphic sites 1087-1099, 1590-1593, and 1766-1779. Two of the lines (PB10 and PB 30) were identical and had six changes not present in the other lines. Table 1 summarizes the levels of nucleotide diversity () and of divergence at the different structural parts of the region studied. The coding regions of the two Acp70A genes seem to evolve differently, in particular for nonsynonymous sites.
Results
Polymorphism and Divergence: Levels and Pattern of Variation
Only informative polymorphic sites (for which the rarest variant is present more than once in the sample) were considered for estimating linkage disequilibrium. Informative sites not present in some of the lines due to deletions (1590-1591), as well as sites segregating for three nucleotides (772 and 1844), were not considered for the analysis. Of 903 pairwise comparisons, 126 (13.9%) showed a significant linkage disequilibrium by the chi-square test (without correcting for multiple comparisons). When only one of the five informative sites in the first complex polymorphism was considered in the analysis, a similar percentage of comparisons (13.0%) showed significant linkage disequilibrium.
The minimum number of recombination events found in our sample with the method of Hudson and (Rozas and Aguadé 1994) using the HKA test; no significant departure from neutrality was detected in any of those tests (table 2) .
The runs test (McDonald 1996) was also applied to our data: 70 polymorphisms in D. subobscura (66 when considering the complex polymorphism between sites 1087-1099 as a single polymorphism) and 26 fixed differences between D. subobscura and D. madeirensis, which resulted in 31 runs. For recombination parameter 10, the probability of 31 or fewer runs in our sample started to decrease. For this recombination value, the probability was marginally significant (0.074 for 70 polymorphisms, and 0.097 for 66 polymorphisms), possibly reflecting a certain decoupling of polymorphism and divergence. In order to check which regions might be responsible for this decoupling, we plotted the distribution of silent polymorphism and divergence along the region studied sliding a window of 100 sites ( fig. 2) . Both polymorphism and divergence were comparatively low at the region 5Ј of copy 1 that presents a high degree of similarity to D. melanogaster (Cirera and Aguadé 1998) . Also, exon 1 of both copy 1 and copy 2 of the Acp70A gene showed a low level of polymorphism as compared to divergence. Figure 3 shows the alignment of the Acp70A protein of D. melanogaster and of the two copies present in D. subobscura and D. madeirensis. The C-terminal part of all proteins is highly conserved, while most of the amino acid replacements both between copies and species are located at the signal peptide or at the Nterminal part of the peptide, in a way similar to that previously found between D. melanogaster and D. suzukii (Schmidt et al. 1993 ). Relative to D. melanogaster, copy 1 presents 34 amino acid changes, 1 deletion (2 residues) and 1 insertion (1 residue); copy 2 presents 35 amino acid changes and 1 insertion (1 residue).
Study of the Duplication
The duplication spanning the Acp70A gene is approximately 600 bp long: 639 bp for the first copy and 612 bp for the second copy. Both copies are flanked at both ends by the tetranucleotide CATA. Figure 4 shows the phylogenetic tree for the duplicated region of the 10 lines of D. subobscura and of the line of D. madeirensis. The copies formed two separate groups with deep branches (and high bootstrap values, not shown), indicating that they are differentiated: all sequences corresponding to copy 1 clustered together and so did all copy 2 sequences.
Evolution of the complete duplication, which includes the Acp70A gene and both its 5Ј and 3Ј flanking regions (Cirera and Aguadé 1998) , was studied by comparing divergence estimates both between copies and species ( fig. 5) . Divergence was estimated separately for nonsynonymous sites (K a ) and for silent sites (K sil was computed using silent sites in noncoding regions and synonymous sites in coding regions). Both for silent sites and for nonsynonymous sites, estimates of divergence between copies (K 1,2 ) were rather similar, in agreement with these measures being correlated. However, estimates of nonsynonymous divergence between species differed between copies (0.008 for copy 1 and 0.050 for copy 2).
Figure 5 also shows the K a /K sil ratio for all comparisons. If both synonymous sites at coding regions and silent sites at noncoding regions evolved at the same rate, this ratio would be equivalent to the K a /K s ratio between nonsynonymous divergence and synonymous divergence in coding regions. Also, this ratio would approach one with decreasing degrees of purifying selection against replacement substitutions. Consequently, K a /K s ratios higher than one have been considered evidence of positive selection driving protein evolution (Hughes and Nei 1988) . For the Acp70A duplication, the sub, D. subobscura; c1, copy 1; c2, copy 2; K 1,2 , divergence between copies within and between species; K 1 and K 2 , divergence between species of copies 1 and 2, respectively. K a /K sil ratio was higher than one in all between-copies comparisons; it was also higher than one when copy 2 was compared between D. subobscura and D. madeirensis. When the second exon of the Acp70A genes that codes for the highly conserved C-terminal part of the protein was excluded from the comparison, the K a /K sil ratio was much higher than one in all between-copies comparisons and in the between-species comparison of copy 2 (analysis not shown).
Another way to study the possible role of natural selection in the differentiation of both genes at the protein level is to place the nonsynonymous and silent changes observed in the duplicated region on the branches of the phylogenetic tree ( fig. 4 ). We applied a modification of the MK test to different partitions of the tree (table 2): (a) polymorphic versus fixed changes for copy 1 and copy 2, respectively, and (b) changes before versus after the separation of the D. subobscura and D. madeirensis lineages. Under the neutral hypothesis of molecular evolution, the ratio of nonsynonymous to synonymous changes (and as discussed before of nonsynonymous and silent changes, provided that there is no evidence of recombination in that particular region) should be the same for any partition of the phylogenetic tree. In comparisons of polymorphic and fixed changes between D. subobscura and D. madeirensis (a), only for copy 2 there was an excess of nonsynonymous fixed changes between species. There was also an excess of nonsynonymous fixed changes since the duplication of the region and before the split of the D. subobscura and D. madeirensis lineages. These results confirm the previous observation of K a /K sil ratios larger than one, an indication that adaptive evolution occurred after the duplication.
In the present case, nonsynonymous substitutions cannot be used for timing purposes, as their rate of evolution would have changed since the original duplication event. In a first approximation, estimates of silent divergence were used to time the duplication event. The ratio of the average divergence between copies (0.106) and the average divergence of each copy between species (0.0335) was 3.16. The time back to the duplication event would be 3.16 times as long as the time back to the common ancestor of D. subobscura and D. madeirensis. There are two different estimates of this latter time (1 Myr and 0.8 Myr) based on sequence comparison of the Adh (Marfany and González-Duarte 1993) and the rp49 (Ramos-Onsins et al. 1998) gene regions, respectively. Under the assumption of constant rates of silent substitutions, the duplication of the Acp70A gene region would have occurred either 3.16 or 2.52 MYA.
Discussion
Polymorphism and Divergence
The level and pattern of variation at the Acp70A region were compared with those previously reported in a similar survey of a European population of D. subobscura for the rp49 gene region (Rozas and Aguadé 1994) . As this latter region maps very close to an inversion breakpoint, and recombination is reduced between but not within chromosomal classes, variation had been quantified separately at the two chromosomal classes O ST and O 3ϩ4 . Silent nucleotide diversity at the Acp70A region (0.014) was slightly higher than that detected at the rp49 region within each chromosomal class (0.008 for O ST and 0.010 for O 3ϩ4 ). Also, silent nucleotide divergence between D. madeirensis and D. subobscura was higher for the Acp70A region (0.027) than for the rp49 region (0.011). This could be just a reflection of different neutral mutation rates at both regions as indicated by the HKA test (see Results) if intraspecific variation was at the stationary state. There is, however, some evidence that at the rp49 region variation within chromosomal class might not be in mutation-drift equilibrium (Rozas and Aguadé 1994; Rozas et al. 1995) . The estimated variation within a chromosomal class would therefore underestimate the level of variation expected at equilibrium; also, variation in the population should consider variation for both classes. Comparison with the rp49 region, where estimated divergence and polymorphism within a chromosomal class are very similar, would therefore point to a certain decoupling between polymorphism and divergence at the Acp70A region.
Study of the Duplication
Both the phylogenetic tree of the Acp70A duplication for the 10 lines of D. subobscura and the line of D. madeirensis ( fig. 4 ) and the comparison of divergence estimates between copies and species ( fig. 5 ) revealed that the two copies of the Acp70A region have been evolving independently since their duplication. Considering both D. subobscura and D. madeirensis, the two putative Acp70A proteins presented eight fixed amino acid replacements and one fixed insertion/deletion of two amino acid residues, all located at the N-terminal part of the putatively mature peptides. A priori, these replacements could be due to the fixation of either advantageous nonsynonymous mutations or selectively neutral mutations. In the first case, the changes in one of the copies would be driven by adaptive evolution favoring a new function, while in the second case, purifying selection against amino acid replacements would have been relaxed in one of the copies, and drift would have driven those mutations to fixation. However, the observation that K a /K sil ratios were generally higher than one for the Acp70A duplication points to selection driving protein evolution; these ratios were even higher when the second exon that codes for the highly conserved C-terminal part of the protein was not included in the analysis. Also, the MK test revealed a significant excess of nonsynonymous fixed differences after the duplication and prior to the split of the D. subobscura and D. madeirensis lineages. Therefore, adaptive evolution would seem to have caused the initial differentiation between copies of the N-terminal part of the Acp70A protein, while purifying selection would be responsible for the high conservation of the C-terminal part. Also, adaptive evolution could cause the further differentiation of the second copy after the split of the D. subobscura and D. madeirensis lineages. Nevertheless, unlike in comparisons between copies (where nonsynonymous changes would cause amino acid replacements both in the signal peptide and in the N-terminal half of the mature peptide), in copy 2, most nonsynonymous changes fixed between the D. subobscura and D. madeirensis lineages would cause amino acid replacements in the signal peptide.
Although there are so far no functional studies of the two putatively active peptides of D. subobscura, our results showing differentiation at the N-terminal part and conservation at the C-terminal part may suggest that they should have different, although related, functions. In D. melanogaster, the Acp70A protein releases two responses in the mated female: an increase in the rate of ovulation/oviposition and a decrease in receptivity. Both responses seem to be mediated by a single, stillunidentified receptor in the female (Kubli 1996) . In the case that both copies of the D. subobscura Acp70A gene were expressed in the accessory glands, it is tempting to speculate that each protein could interact with a different receptor molecule and therefore elicit only one of the two responses in the female. Alternatively, both peptides could have a cooperative function in eliciting the two postmating responses in the female by interacting with a single receptor molecule. This latter scenario would be similar to that reported for the egg-laying hormone (ELH) in Aplysia, which is coded by three tandemly repeated genes with a highly conserved region; it has been shown that the resulting peptides have different but cooperative activities (Scheller et al. 1982) . Also, in D. melanogaster, both the Acp70A and the Acp26Aa proteins contribute to increased egg-laying during the first 24 h after mating (Herndon and Wolfner 1995; Kubli 1996; Wolfner 1997) , although the effect of Acp70A lasts longer. One could also think, however, that one copy of the Acp70A gene was expressed in the accessory glands and the other in a different tissue, having different functions.
Positive Darwinian selection has been shown to be the main force driving the evolution of different proteins involved in self versus nonself recognition. In fact, selfincompatibility alleles of Solanaceae (Clark and Kao 1991) and the antigen-binding regions of some genes of the major histocompatibility complex of mammals (Hughes and Nei 1988) showed an excess of nonsynonymous changes which could only be explained by the action of positive selection. Also, an excess of nonsynonymous substitutions was detected in the lysin gene of abalones (Lee and Vacquier 1995) and the bindin gene of sea urchins (Metz and Palumbi 1996) , which code for sperm proteins involved in the sperm-egg recognition. In Drosophila, the Acp26Aa protein, which, like the Acp70A protein, increases egg laying in the mated female, revealed a high level of amino acid replacement variation both within D. melanogaster and between this species and its close relatives D. simulans, D. mauritiana, and D. sechellia (Aguadé, Miyashita and, Langley 1992) . Comparison of this gene between these species and the most distantly related species, D. yakuba and D. teissieri (Tsaur and Wu 1997) , showed an excess of nonsynonymous substitutions, which again could only be explained by positive selection. However, no such excess was detected for the Acp70A gene between species of the melanogaster species complex (Cirera and Aguadé 1997) . Here, we have found evidence of positive selection as the main force responsible for the differentiation of the two copies of this gene in D. subobscura and D. madeirensis. It should be mentioned, however, that only comparison of the complete duplicated region has allowed us to detect this excess, as the overall number of differences, both fixed and polymorphic, is higher.
Assuming constant rates for silent substitutions, our data suggest that the duplication ocurred either 2.53 or 3.16 MYA. Its presence would therefore be restricted to the two studied species, which appears to be in contrast to some preliminary results based on PCR amplification showing that it is present in other species of the obscura group. However, if the assumption that silent substitutions at the duplicated region were neutral did not hold (as discussed above), the rate of silent substitution could not be constant, and its use for timing purposes would not be adequate.
